Purpose To assess the correlation of carotid artery intimal medial thickness (C-IMT) and carotid artery plaque score (CPS) of the common carotid artery with non-arteritic anterior ischemic optic neuropathy (NAION) in hypertensive patients. Methods This case-control study recruited 192 subjects. Forty-eight patients had NAION with systemic hypertension, 46 had hypertension without visual complaints, and 98 were normal controls. C-IMT and common carotid arterial plaque were measured by high-resolution vascular ultrasonography. Results High-density lipoprotein (HDL) in patients with NAION (1.24 ± 0.31) was significantly lower than that of the Hypertensive group (1.39 ± 0.30, P = 0.034). The C-IMT in the affected side of patients with NAION (1.00 ± 0.23) was significantly increased compared to the unaffected side (0.83 ± 0.19, P < 0.001), the Hypertensive group (0.83 ± 0.17, P < 0.001), and the Normal group (0.69 ± 0.16, P < 0.001). The presence of carotid artery plaque was more frequent in the patients with NAION, compared to either the Hypertensive group (P = 0.001) or the Normal group (P < 0.001). By multiple regression analysis, lower high-density lipoprotein (HDL) (P = 0.009), thicker C-IMT (P = 0.002), CPS Grade = 1 (P = 0.028), and Grade = 2 (P = 0.005) were associated with increased NAION risk, when the NAION group compared with the Hypertensive group (OR > 1.0). Systolic blood pressure (P = 0.001), thicker C-IMT (P < 0.001), CPS Grade = 1 (P = 0.006), Grade = 2 (P = 0.002), and Grade = 3 (P = 0.015) were associated with increased NAION risk, when the NAION group compared with the Normal group (OR > 1.0). Conclusions C-IMT and CPS were associated with NAION in hypertensive patients, suggesting that NAION might be associated with carotid artery atherosclerosis. This association may be due to similar pathological changes of the inner vascular walls in the carotid artery and the arteries supplying the optic nerve head.
Introduction
Non-arteritic anterior ischaemic optic neuropathy (NAION) is the commonest form of acute optic neuropathies occurring in the middle-aged and elderly population [1] , with an estimated prevalence of 1 in 4500 in Chinese population aged over 40 years according to the Beijing Eye Study [2] . Some specific aetiologies of NAION have been suggested, but the exact causal mechanism still remains unclear. NAION is widely believed to be a consequence of vascular insufficiency proceeding to ischaemia of the optic nerve head and is Wenhui Zhu and Tingting Chen are Co-first authors * Nathan Congdon ncongdon1@gmail.com characterized by acute, painless visual loss and visual field defects [3] . Many risk factors for NAION have been identified, including small, crowded discs and traditional cardiovascular risk factors (hypertension, diabetes mellitus, dyslipidemia, and coronary artery disease) [4, 5] . Hypertension is the commonest vasculopathic risk factor for NAION patients, accounting for 47 to 49% of cases [6] . Sanjari et al. using high-resolution ultrasonography revealed that the intima-media thickness of the common carotid artery (C-IMT) on the affected side of NAION was thicker than that of the contralateral healthy side [7] , while our previous study found C-IMT was greater on the side affected by NAION compared to normal controls, but not different compared to the unaffected side of NAION patients [8] .
Endothelium-dependent flow-mediated vasodilation (FMD) of the brachial artery is a validated, widely used, and non-invasive measure in assessing overall endothelial function. Our previous study showed that dysfunctional endothelium (lower FMD) was associated with greater risk of NAION [9] . Dysfunctional endothelium may increase vascular tone and promote adhesion of monocytes and leucocytes, as well as activation of platelets and formation of thrombus [10, 11] . Grønholdt et al. found a significant association between echolucent carotid artery plaque and embolic cerebrovascular accidents and suggested that the former could be used to predict the risk of developing stroke [12] . Kim et al. reported in a case study that the presence of echolucent carotid artery plaque could be the embolic origin in causing NAION [13] . In addition, Leisser C found NAION patients had statistically significantly more frequent small plaques in the internal carotid artery [14] . However, the relationship between carotid artery plaque and NAION still remains unclear.
Our study was designed to assess C-IMT and carotid artery plaque of common carotid arteries in hypertensive patients with unilateral NAION and to evaluate their associations with NAION.
Patients and methods
This study was approved by the ethics committee of Sun Yatsen University, Guangzhou, China, written consent was provided by all study participants, and the tenets of the Declaration of Helsinki were followed throughout.
Consecutive, consenting participants aged 36 to 79 years meeting the inclusion criteria were recruited between March 2011 and September 2016 at Zhongshan Ophthalmic Centre (ZOC) and the First Affiliated Hospital of Sun Yat-sen University. Blood pressure, C-IMT, carotid artery plaques, and fasting (> 8 h) blood samples were obtained from these eligible patients.
Three patient groups were recruited including 1) NAION group (patients with both systemic hypertension [systolic blood pressure > 140 mmHg, diastolic blood pressure > 90 mmHg or currently on antihypertensive medications] and unilateral NAION), 2) Hypertensive group (patients with systemic hypertension and no visual complaints), and 3) Normal group (healthy volunteers who were normotensive, never used antihypertensive medications and had no family history of vascular disease, or personal history of visual problems). Patients in the Hypertensive group and Normal group experienced no acute visual loss or impaired visual function at the time of recruitment and were enrolled at First Affiliated Hospital of Sun Yat-sen University. Patients from the NAION group were recruited from both ZOC and First Affiliated Hospital of Sun Yat-sen University and participants from all three groups had a full ophthalmological assessment with slit-lamp biomicroscopy and dilated funduscopic examination by a 78-diopter lens.
Exclusion criteria included current pregnancy; current or recent (last 5 years) history of smoking; history of cardiovascular or cerebrovascular disease; diabetes mellitus; dyslipidaemia; alcohol abuse; high erythrocyte sedimentation rate (ESR) or a history suspicious for giant cell arteritis.
NAION was defined clinically as an acute presentation with painless loss of visual acuity in one eye, accompanied by relative afferent pupillary defect, optic disc oedema, visual field defect on automated perimetry and/or early filling defect of the disc by fluorescein angiography (FFA) in the affected eye, without evidence of other neurological, systemic, or relevant ocular disease. Blood pressure was checked in a sitting position after patients rested for 10 min; we obtained three measures and calculated the mean. All participants were asked to fast for at least 8 h, not to drink coffee for at least 2 h, and to rest for 15 min prior to the ultrasound examination.
C-IMT was measured in both common carotid arteries 1 cm proximal to carotid artery bifurcation with a highresolution vascular ultrasound probe (5-12 MHz, GE VIVID7, USA) in longitudinal section, using B-mode. C-IMT was calculated from the distance between two echogenic lines represented by the lumen-intima interface and the media-adventitia of the arterial wall respectively. C-IMT measurement of each side of carotid artery was repeated three times and the average carotid intima-media thickness was obtained for analysis. The result of each NAION patient was presented separately as 1) the average of the affected side (ipsilateral to the eye affected by NAION) and 2) the average of the unaffected side (contralateral to the eye affected by NAION). The result for the control groups was the average of bilateral measurements.
Carotid artery plaque was measured using the same ultrasound probe and defined as a focal thickening that encroaches into the lumen by 0.5 mm, by 50% of the surrounding C-IMT or by C-IMT of >1.5 mm according to the European Mannheim consensus [15, 16] . All the plaques with maximum thickness in one carotid artery were measured regardless of plaque length and then the sum of these measurements were used to calculate carotid artery plaque score (CPS) [17] . Total CPS was calculated by adding the CPS from each carotid artery. Carotid artery plaque score was standardized as below: score of 0 when no plaques; score of 1 when both of the bilateral plaques were <2 mm; score of 2 when plaque from one carotid artery was ≥2 mm and the other was <2 mm; and score of 3 when plaques from both carotid arteries were ≥2 mm [18] . All the ultrasound measurements were performed and reported by the same expert operator, who was masked to the subject's medical condition.
Statistical methods
Results were presented as mean ± standard deviation (SD) for continuous data and frequency (proportion) for categorical data. One-way ANOVA for continuous variables, logistic regression for sex, and ordinal logistic regression for CPS were used for comparing the NAION group with the Hypertensive and Normal groups, and the P values of multiple comparisons underwent Bonferroni correction. Multinomial logistic regression was used to quantify the studied risk factors on NAION with Hypertensive and Normal groups as reference groups. Variables with P < .05 in simple regression were included in the multiple regression model. Statistical analyses were performed using a commercially available software package (Stata 13.1, StataCorp, College Station TX, USA). Twosided P < .05 was considered statistically significant for the main hypothesis. No significant differences were observed with regard to age and gender between these groups and no difference was found between the three groups from laboratory parameters ( Table 1 ). The systolic blood pressure (SBP) was significantly higher among patients in NAION group (135.6 ± 16.3) compared to the Normal group (120.8 ± 10.0, P < 0.001); however, no difference was detected between the NAION group and the Hypertensive group (134.8 ± 15.7, P = 1.00) ( Table 1 ). The C-IMT on the affected side of the patients with NAION (1.00 ± 0.23) was significantly higher compared to the unaffected side (0.83 ± 0.19, P < 0.001). This measurement was also significantly higher than that in the Hypertensive group (0.83 ± 0.17, P < 0.001) and in the Normal group (0.69 ± 0.16, P < 0.001). The C-IMT of the unaffected side of NAION patients was not different from that of the Hypertensive group (P = 1.000); however, it was significantly higher compared to that of healthy normal subjects (0.83 ± 0.19 vs. 0.69 ± 0.16, P < 0.001). CPS was more frequent in patients with NAION, comparing to either the Hypertensive group (P = 0.001) or the Normal group (P < 0.001). Figure 1 shows Doppler imaging and the ipsilateral fundus photographs of a typical patient with unilateral NAION, including the images of the bilateral C-IMT, carotid artery plaque of maximum thickness, and bilateral fundus photographs. Table 2 presented the multiple regression analysis of potential risk factors for NAION group compared with Hypertensive and Normal groups. Our results showed that when comparing with Hypertension group, thicker C-IMT (OR, 28.4; 95% CI, 1.74-464.5, P = 0.002), the carotid artery plaques of grade 1 (OR,3.78; 95% CI, 1.15-12.4, P = 0.028) and grade 2 (OR, 8.84; 95% CI,1.91-40.8, P = 0.005) were predictive for the development of NAION, whereas higher level of high-density lipoprotein (HDL) (OR, 0.11; 95% CI, 0.02-0.58, P = 0.009) were associated with lower risk of NAION. While comparing with Normal group, higher SBP (OR, 1.07; 95% CI, 1.03-1.12, P = 0.001), thicker C-IMT (OR, 2351.4; 95% CI, 145.6->9999, P < 0.001), the CPS of grade 1 (OR, 5.71; 95% CI, 1.67-19.5, P = 0.006), grade 2 (OR, 11.4; 95% CI, 2.46-52.4, P = 0.002), and grade 3 (OR, 21.5; 95% CI, 1.81-254.7, P = 0.015) were predictive for the development of NAION.
Results

Discussion
Our study demonstrated increased C-IMT and higher prevalence of carotid artery plaque were found in middle-aged and elderly hypertensive patients with NAION compared to the control groups, indicating NAION may be associated with carotid artery atherosclerosis.
High-resolution carotid artery ultrasonography has been gaining acceptance as a non-invasive measure of preclinical atherosclerosis since the late 1980s [19] . Detecting carotid plaque formation and measuring C-IMT by ultrasonography is critical in the diagnosis of atherosclerosis. Although Fry et al. found development of anterior ischemic optic neuropathy (AION) is not associated with carotid artery atherosclerosis, their study was limited by a size of only 15 participants, undifferentiation of non-arteritic AION and arteritic AION, and also carotid stenosis measurement at a mixture of carotid artery locations; furthermore, their definition of significant carotid stenosis was controversial [20] . In contrast, our study measured IMT of common carotid artery (C-IMT) and thickness of carotid artery plaque using high-resolution ultrasonography; these two parameters are widely used to diagnose atherosclerosis, which is consistent with our previously published study [8] . By comparing Hypertensive and Normal groups as controls, we also found that C-IMT was significantly thicker on the affected side of the NAION patients compared to the contralateral side, as well as to the measurement in the control groups. The current study also demonstrated increased C-IMT was significantly associated with ipsilateral NAION. Furthermore, we established that CPS was much more severe in patients with NAION comparing with either the Hypertensive group or the Normal group. Carotid artery plaque grade 1 and grade 2 were significantly associated with NAION, supporting the observation made by Kim and colleagues [13] .
Our study was also consistent with the conclusion made by Şahin M et al. that atherosclerosis accompanying hypertension plays an important role in the pathogenesis of NAION [21] . It is widely believed that the development of NAION is a consequence of multiple factors, including systemic haemodynamic disorders and local anatomical factors [6, 22] . In NAION, ischaemic infarction of the optic nerve head is secondary to poor perfusion of short posterior ciliary artery. Macro-and microvascular disorders play a key role in the pathogenesis of reduced perfusion [23] . Hypertension causes arterial endothelial dysfunction and disrupts release of vasoactive factors, predominantly nitric oxide (NO), where NO SD Standard deviation; NAION non-arteritic anterior ischaemic optic neuropathy; BMI body mass index; BP blood pressure; SBP systolic blood pressure; DBP diastolic blood pressure; CHO cholesterol; HDL high-density lipoprotein; LDL low-density lipoprotein; TG triglyceride; FBG fasting blood glucose; UA Uric acid; BD Baseline diameter; C-IMT intima-media thickness of the common carotid artery; CPS carotid artery plaque score *Data for the side with NAION were reported § Data for the unaffected side of the NAION patient were reported † Logistic regression for sex, ordinal logistic regression for carotid artery plaque score, and one-way ANOVA for other variables were used for multiple comparisons. The P values were presented with Bonferroni correction acts as a vasodilator [11] . Therefore, dysfunctional endothelium may increase vascular tone, worsen vasodilation and cause vasoconstriction. Hypertension will further lead to intimamedia thickening, stenosis, and formation of atherosclerotic plaques of carotid artery. This suggests the possibility of similar pathological changes in the context of intimal injury, thickening of muscular elastic layer, stenosis, increased vascular tone, and impaired regulation of blood flow in the arteries supplying the optic disc. This ultimately results in hypoperfusion of the optic disc and hence development of NAION. We also found slightly higher level of HDL in the Hypertensive group than in the NAION Group, which might indicate that HDL is a marker for good outcomes; this is consistent with the statement made by Zotz and colleagues that a low level of HDL was associated with the development of NAION [24] . This phenomenon was not observed when comparing against the Normal group, hence further studies are needed for clarification.
There were some limitations to the present study. Firstly, we measured C-IMT and plaque formation from the common carotid artery instead of the retrobulbar artery, as non-invasive method to reliably measure retrobulbar artery has yet been found. In addition, larger scale studies involving comorbidities other than just hypertension and patients with races other than Chinese Asian would be helpful to further determine the pathogenic mechanisms of NAION. In the absence of follow-up of the subjects, we do not know whether or not these contralateral eyes of the NAION patients were at risk for developing NAION. Further studies are also needed to assess the change of carotid artery ultrasound findings, as well as occurrence of NAION in the contralateral eye.
Our study concluded that C-IMT and carotid artery plaque were associated with NAION in hypertensive patients with NAION, suggesting that NAION might be associated with carotid artery atherosclerosis. This association may be due to the similar pathological changes occurring in the inner vascular wall of the carotid artery and the arteries supplying the optic nerve head. Screening C-IMT and CPS with carotid artery ultrasound might be useful in the evaluation of potential NAION, in particular among those patients with risk factors for carotid artery atherosclerosis. Conflict of interest All authors certify that they have no affiliations with or involvement in any organization or entity with any financial interest (such as honoraria; educational grants; participation in speakers' bureaus; membership, employment, consultancies, stock ownership, or other equity interest, and expert testimony or patent-licensing arrangements), or non-financial interest (such as personal or professional relationships, affiliations, knowledge or beliefs) in the subject matter or materials discussed in this manuscript.
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